We developed a new method for stereoselective construction of an all-carbon quaternary stereogenic center on a carbocyclic ring based on regio-and stereoselective S N 2 alkylation reactions of -epoxy--unsaturated cyclic ketones. Treatment of the ketones, which were readily prepared in enantiomerically pure form by means of aldol condensations between 3-ethoxy-2-cycloalkenones and 10 -epoxy aldehydes, with a R 2 Zn-CuCN reagent afforded anti-S N 2 products stereoselectively. Conversely, the corresponding syn-S N 2 products were stereoselectively obtained through two-step transformations of the same -epoxy--unsaturated cyclic ketones: (1) conversion of the epoxide moiety to a chlorohydrin by treatment with MgCl 2 and (2) subsequent S N 2 substitution of the chlorohydrin with a R 2 Zn-CuCN reagent. These substitution products with their chiral trans-allylic 15 alcohol moieties are promising precursors for complex molecules. For example, Eschenmoser-Claisen rearrangement of one of the substitution products resulted in stereoselective formation of a keto amide having contiguous quaternary and tertiary stereogenic centers. 45 additions of chiral enamines, 8 are additional examples in this approach. However, because the quaternary stereocenter newly formed by means of this approach is defined by the transition state leading to the product, stereodivergent synthesis of both stereoisomers is difficult in principle. 50 Our laboratory has been engaged in a research program aimed at developing a new method for constructing an all-carbon 55 quaternary stereogenic center by means of the diastereoselective approach. We previously reported two methods for regio-and stereoselective -methylation reactions of -epoxy-unsaturated esters (Scheme 1): 9 (1) an anti-S N 2 alkylation reaction with Et 2 Zn-CuCN (12-anti) 9a and (2) a two-step syn-60 This journal is
Introduction
Enantioselective construction of an all-carbon quaternary 20 stereogenic center on a carbocyclic ring represents a significant challenge in organic synthesis because such centers, which are present in important bioactive natural products and medicines, require the stereoselective formation of a C-C bond between sterically congested carbon atoms. A number of methods for the 25 synthesis of such centers have been reported, and these methods can be divided into two approaches: the enantioselective approach and the diastereoselective approach. 1 The enantioselective approach involves enantioselective C-C bond formation from a prochiral substrate. Typical examples include 30 catalytic asymmetric conjugate additions, 2 alkylation reactions, 3 and Diels-Alder reactions. 4 Although this approach is the ultimate goal and significant progress has been made in the last two decades, the approach suffers from limitations associated with the availability of substrates and reactants. 5 The 35 diastereoselective approach involves stereospecific transformation of an optically active substrate into a product with the desired all-carbon quaternary stereogenic center. When the substrate can be easily prepared, this approach is attractive and generally applicable. Typical examples include Claisen-type 40 rearrangements, which allow stereospecific 1,3-transposition of readily available enantiomerically pure allylic alcohols to afford the desired products with an excellent level of 1,3-chiral transfer. 6 Chiral auxiliary mediated asymmetric reactions, such as alkylations of SAMP-/RAMP-hydrazones 7 S N 2 alkylation reaction sequence involving regioselective substitution with a chloride ion with trimethylsilyl chloride/charcoal and subsequent S N 2 alkylation of the resulting 5 -chloro--hydroxy derivative with Et 3 Al-CuCN (132-syn). 9b Because the optically active -epoxy--unsaturated esters are readily available by the Katsuki-Sharpless asymmetric epoxidation of allylic alcohols 10 and the Shi asymmetric epoxidation of dienoates, 11 these two methods are applicable for 10 enantioselective construction of all-carbon quaternary stereogenic centers in acyclic substrates. 12 In an extension of this approach, we report herein a new method for stereoselective construction of an all-carbon quaternary stereogenic center on a carbocyclic ring based on regio-and stereoselective S N 2 alkylation reactions of 15 -epoxy--unsaturated cyclic ketones with complementary diastereoselection with respect to the newly formed stereogenic center depending on the choice of the reaction conditions.
Results and discussion
Our strategy for stereoselective construction of an all-carbon 20 quaternary stereogenic center on a carbocyclic ring was as follows (Scheme 2). Optically active epoxy aldehydes 5 would be prepared by Katsuki-Sharpless asymmetric epoxidation of the corresponding allylic alcohols 6. 10 Aldol condensation between 5 and cyclic ketones 4 followed by dehydration would provide key 25 -epoxy--unsaturated cyclic ketones 7. On the basis of our previous results (Scheme 1), 9 we expected that upon treatment of 7 with a R 2 Zn-CuCN reagent, anti-S N 2 alkylation would proceed to afford anti-S N 2 products 8-anti. Conversely, the corresponding syn-S N 2 alkylation reaction sequence would be 30 achieved through an S N 2 substitution reaction of 7 with a chloride ion at the -position and subsequent S N 2 alkylation of the resulting chlorohydrins 9 with a R 3 Al-CuCN reagent to provide syn-S N 2 products 8-syn. Thus, by using epoxy aldehydes 5 as the chiral source, we could stereodivergently construct an all-carbon 35 quaternary stereocenter on a carbocycle, that is, on the -position of -epoxy--unsaturated cyclic ketones 7, by choosing the appropriate reaction conditions. Because epoxy ketones 7 possessed several reactive sites, our challenge was to develop reaction sequences that would allow construction of the 40 stereogenic center both regioselectively (S N 2 vs S N 2) and stereoselectively (anti vs syn). As a model substrate for our initial studies, we chose racemic -epoxy--unsaturated cyclic ketone 12, which was synthesized as follows (Scheme 3). The zinc enolate generated 45 from cyclohexanone was allowed to react with known racemic trans-epoxy aldehyde 10 13 to provide aldol adduct 11 as a mixture of four diastereomers. Because 11 underwent a retroaldol process on silica gel, the crude aldol mixture was used for the next reaction. The mixture was stereoselectively converted to 50 (E)-12 by mesylation and treatment of the resulting mesylate with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in one-pot (49% yield for two steps). 
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Our initial task was to identify a suitable reagent for alkylation (particularly methylation) of 12 (Scheme 4). Reaction of 12 with Me 2 Zn (2.1 equiv) and CuCN (2.1 equiv) in dimethylformamide (DMF) at 0 °C, which gives the best results in the acyclic epoxy--unsaturated ester system, 9 produced the desired 60 product 13-anti in 42% yield, but a significant amount of S N 2 product 14 was also obtained (33% yield). Other cuprates, such as Me 2 CuLi, Me 2 Cu(CN)Li 2 , Me 3 Al-CuCN, and MeMgBr-CuCN, were all ineffective, affording predominantly 14 (11-35% yield) along with only trace amounts of 13-anti (2-8% yield). In 65 contrast, a two-step syn-methylation reaction gave satisfactory results; substitution reaction of 12 with MgCl 2 14 followed by treatment of the resulting chlorohydrin 15 with Me 3 Al (3 equiv) and CuCN (1.5 equiv) stereospecifically furnished syn-product 13-syn, which has an all-carbon quaternary stereogenic center on 70 the cyclohexane ring, in 77% overall yield from 12. Note that the use of trimethylsilyl chloride and charcoal as a source of chloride ion 9b resulted in the formation of 15 with lower diastereoselectivity (76% yield, diastereomeric ratio = 63:37).
At this stage, we recognized that the competition between the 75 direct anti-S N 2 methylation reaction and the alternative S N 2 substitution pathway was a serious drawback to our strategy, even though the analogous anti-S N 2 alkylation reaction in the acyclic -epoxy--unsaturated ester system (1) proceeds regio-and stereoselectively (Scheme 1). 9 We assumed that the electron density on the carbonyl oxygen atom of the substrate affected the regioselectivity in the R 2 Zn-CuCN mediated anti-S N 2 alkylation reaction; that is, the carbonyl oxygen of the ester in 1, which undergoes highly regioselective anti-S N 2 alkylation, possesses 5 higher electron density than the carbonyl oxygen of the ketone in 12 because of electron donation from the ethoxy oxygen ( Figure  1 ). Therefore, we designed new substrate 16a, which contains a vinylogous ester moiety in the cyclic ketone. We reasoned that electron donation from the ethoxy oxygen of 16a would increase 10 the electron density on the carbonyl oxygen and would thus favor the anti-S N 2 alkylation reaction. The anti-S N 2 methylation reaction of 16a did in fact proceed regio-and stereoselectively as expected (Table 1) . Substrate 16a was synthesized in 62% overall yield from commercially 20 available 3-ethoxy-2-cyclohexenone and epoxy aldehyde 10 by means of an aldol condensation followed by dehydration, in a sequence similar to that used for the synthesis of 12. 15 Upon treatment of 16a with Me 2 Zn (2.1 equiv) and CuCN (2.1 equiv) in DMF at -50 °C, the anti-S N 2 methylation reaction proceeded 25 smoothly to give anti-adduct 17a-anti 16 in 84% yield in a highly diastereoselective manner (entry 1). Formation of the undesired S N 2 methylation product 18a was significantly suppressed (7% yield). The two-step syn-methylation reaction of 16a, that is, chlorination with MgCl 2 (91% yield) and subsequent S N 2 30 methylation of the resulting chlorohydrin 19a-anti with Me 2 Zn (2.1 equiv) and CuCN (2.1 equiv) in DMF, also proceeded diastereoselectively to give syn-adduct 17a-syn 16 in 86% yield (entry 2). Interestingly, Me 2 Zn-CuCN gave better results than Me 3 Al-CuCN in the S N 2 methylation reaction of 19a-anti: 35 treatment of 19a-anti with the latter reagent resulted in the formation of 17a-syn in 70% yield along with substantial amounts of unidentified products (ca. 20% yield). Additionally, the use of R 2 Zn reagents has an advantage over the use of R 3 Al reagents because several R 2 Zn reagents can be easily prepared 40 from the corresponding Grignard reagents and ZnCl 2 , 17 whereas R 3 Al reagents have limited availability and are difficult to prepare. Note that the two anti-and syn-methylation reactions described above proceeded without any loss of optical purity when optically active (+)-16a was used as the substrate. 18 45 The excellent results of the preliminary experiments encouraged us to investigate the scope of the new synthetic methodology with various substrates and zinc reagents. We initially focused on the substrates (Table 1 ). anti-S N 2 methylation of racemic cis-epoxide congener 16b, which was 50 readily prepared from the corresponding cis-epoxy aldehyde and 3-ethoxy-2-cyclohexenone, also proceeded smoothly upon treatment with Me 2 Zn-CuCN in DMF at -50 °C to afford synproduct 17a-syn in 70% yield (entry 3). That the S N 2 methylation reaction of the corresponding trans-epoxide 16a 55 provided anti-product 17a-anti (entry 1) confirmed that the methylation reaction proceeded stereospecifically. anti-Product 17a-anti was obtained in 78% overall yield from cis-epoxide 16b by means of the two-step reaction sequence: chlorination of 16b with MgCl 2 (88% yield) and subsequent S N 2 methylation 60 reaction of the resulting chlorohydrin 19b-syn with Me 2 Zn-CuCN (entry 4). Our methodology tolerated a range of substituents on the side chain of the epoxide. For example, S N 2 methylation of trans-epoxide 16c, which has no ether oxygen atom on the side chain, and trans-epoxide 16d, which has a tert-65 butyldimethylsilyl ether on the side chain, proceeded smoothly to furnish methylation products 17c-anti and 17d-anti, respectively, upon treatment with Me 2 Zn-CuCN (entries 5 and 7); whereas 17c-syn and 17d-syn were obtained by way of chlorohydrins 19canti and 19d-anti from 16c and 16d, respectively (entries 6 and 70 8). All the anti-methylation reactions and the two-step synmethylation reaction sequences proceeded with high regio-and diastereoselectivities in good to excellent yields (entries 5 to 8).
Our methodology was also applicable to a five-membered-ring carbocycle with similar efficiency (Table 1, entries 9 and 10). 75 anti-S N 2 methylation of trans-epoxide 16e, which was prepared from 3-ethoxy-2-cyclopentenone 19 and epoxy aldehyde 10, afforded anti-product 17e-anti in 77% yield (entry 9). In contrast, the substitution reaction of 16e with MgCl 2 (92% yield) followed by treatment of the resulting chlorohydrin 19e-anti with Me 2 Zn-80 CuCN produced only syn-product 17e-syn (80% yield, entry 10).
Next, we explored various R 2 Zn-CuCN reagents in the anti-S N 2 reactions of trans-epoxide 16a ( Table 2 ). In addition to the methyl group, ethyl, n-butyl, and i-propyl groups could be installed on the carbocycle when the corresponding R 2 Zn 85 reagents, Et 2 Zn, 20 n-Bu 2 Zn, 21 and i-Pr 2 Zn, 20 respectively, were used in the reaction with 16a to give anti-S N 2 products 20-anti (entries 1-3).
The results shown in Table 2 indicate that ncreasing the steric bulk of the R 2 Zn reagents tended to decrease the ratio of S N 2 products 20-anti to undesired products 21 90 resulting from the competing S N 2 methylation reaction. Unfortunately, installation of a vinyl group on 16a was unsuccessful, presumably because of the low nucleophilicity of (Table 3 ). S N 2 ethylation and butylation reactions of 19a-anti smoothly furnished syn-alkylation products 20a-syn (61% yield, entry 1) 10 and 20b-syn (80% yield, entry 2), respectively, with high diastereoselectivities. The reaction of 19a-anti with i-Pr 2 Zn-CuCN provided syn-product 20c-syn, albeit in lower yield (46% yield), along with S N 2 product 21c (11% yield; entry 3). Interestingly, installation of a vinyl group on 19a-anti was 15 accomplished by treatment with divinylzinc 22,23 -CuCN to afford vinylation product 20d-syn as a single diastereomer (30% yield, entry 4).
The synthetic utility of 17a-syn, which possesses a chiral secondary trans-allylic alcohol, was briefly investigated because 20 it is a promising precursor of complex molecules (Scheme 5). Upon treatment of 17a-syn with N,N-dimethylacetamide dimethyl acetal at 100 °C, Eschenmoser-Claisen rearrangement 24 smoothly and stereospecifically afforded keto amide 22 (94% yield), which has contiguous quaternary and tertiary stereogenic centers. 25 Alternatively, a two-step syn-S N 2 methylation reaction sequence of 17a-syn involving esterification with trifluoroacetic anhydride in the presence of Et 3 N and 4-dimethylaminopyridine and subsequent anti-S N 2 methylation reaction of the resulting trifluoroacetate 23 with Me 2 Zn-CuCN stereospecifically 30 furnished methylation product 24 (65% yield for 2 steps), which bears contiguous quaternary and tertiary stereogenic centers. Furthermore, the 1,2-addition of methyllithium to 17a-syn occurred selectively to afford -disubstituted cyclohexenone 25 (98% yield) after aqueous acidic work-up in one pot. 25 These 35 representative transformations clearly illustrate the potential versatility and importance of this alkylation product as a chiral building block in organic synthesis. 
Conclusions
In conclusion, we developed a new method for stereoselective construction of an all-carbon quaternary stereogenic center on a 10 carbocyclic ring by means of regio-and stereoselective S N 2 alkylation reactions of -epoxy--unsaturated cyclic ketones bearing a vinylogous ester moiety. Treatment of the ketones, which were easily prepared by means of aldol condensations between 3-ethoxy-2-cycloalkenone and -epoxy aldehydes, 15 with a R 2 Zn-CuCN reagent stereoselectively afforded anti-S N 2 products. Conversely, the corresponding syn-S N 2 products were stereoselectively obtained from the same substrates by means of a two-step transformation involving chlorination with MgCl 2 and S N 2 alkylation of the resulting chlorohydrin with a R 2 Zn-CuCN 20 reagent. Our new methodology was applicable to various substrates and R 2 Zn reagents. Note that starting from a single substrate, we could readily obtain both diastereomers of the substitution products exhibiting complementary stereochemical outcomes with respect to the newly formed all-carbon quaternary 25 stereogenic center. Furthermore, we demonstrated the potential versatility and importance of one of the alkylation products as a chiral building block by carrying out further transformations, including an Eschenmoser-Claisen rearrangement and a two-step S N 2 methylation reaction sequence, to afford products having 30 contiguous quaternary and tertiary stereogenic centers. Because optically active -epoxy--unsaturated cyclic ketones are readily available by the Katsuki-Sharpless asymmetric epoxidation of allylic alcohols, the new methodology should be useful for organic synthesis. Application of this methodology to 35 natural product synthesis is in progress in our laboratory.
Experimental General
The reactions were performed using flame-dried glassware under a positive pressure of argon. 4 .0]undec-7-ene (DBU) (400 L, 2.40 mmol) was added, and the mixture was stirred at room temperature for 0.5 h. 10 The reaction was quenched with saturated aqueous NaHCO 3 solution. After the layers were separated, the aqueous layer was extracted with EtOAc. The combined organic layers were washed with brine, dried over MgSO 4 
((2S,3S)-3-((Benzyloxy)methyl)oxiran-2-yl)methanol [(+)-26]
This compound was prepared according to the literature procedure 26 
(E)-5-(((2S*,3S*)-3-((Benzyloxy)methyl)oxiran-2yl)methylene)-3-ethoxycyclopent-2-enone (16e)
This compound was prepared in 25% yield (65.8mg, 2 steps) from 3-ethoxy-2-cyclopentenone 19 45 This compound was obtained in 82% yield (47.3 mg) by treatment of (+)-16a (92% ee) with Me 2 Zn-CuCN. 1 55 This compound was obtained in 70% yield (40 5-((3R*,1E)-4-(Benzyloxy)-3-hydroxybut-1-en-1-yl) 
(R)-6-((3R,1E)-4-(Benzyloxy)-3-hydroxybut-1-en-1-yl)-3ethoxy-6-methylcyclohex-2-enone [(-)-17a-anti]
(S*)-6-((3R*,1E)-4-(Benzyloxy)-3-hydroxybut-1-en-1-yl)-3ethoxy-6-methylcyclohex-2-enone (17a-syn)
-3ethoxy-5-methylcyclopent-2-enone (17e-anti)
This compound was obtained in 77% yield (21.7 mg) by treatment of 16e with Me 2 Zn-CuCN: Yellow oil; IR (neat)  
(S*)-5-((3R*,1E)-4-(Benzyloxy)-3-hydroxybut-1-en-1-yl)-3ethoxy-5-methylcyclopent-2-enone (17e-syn)
This compound was obtained in 80% yield (29 
(R*)-6-((3R*,1E)-4-(Benzyloxy)-3-hydroxybut-1-en-1-yl)-6butyl-3-ethoxycyclohex-2-enone (20b-anti)
This compound was obtained in 43% yield (13.9 
(S*)-6-((3R*,1E)-4-(Benzyloxy)-3-hydroxybut-1-en-1-yl)-3ethoxy-6-isopropylcyclohex-2-enone (20c-anti)
This compound was obtained in 53% (24. A mixture of methylation product 17a-syn (152.7 mg, 0.460 mmol) and N,N-dimethylacetamide dimethyl acetal (375 L, 2.56 mmol) in toluene (1.5 mL) was heated at 100 °C for 4.5 h. After the reaction mixture was cooled to room temperature, brine was 105 added and the product was thoroughly extracted with EtOAc. The organic extracts were dried over MgSO 4 and the volatile materials were removed under reduced pressure. The residue was purified by flash column chromatography (SiO 2 , hexane/EtOAc = 1:1~0:1) to give keto amide 22 (172.7 mg, 0.430 mmol, 94%) as To a solution of methylation product 17a-syn (19.6 mg, 0.0590 mmol), Et 3 N (25 L, 0.18 mmol), and 4-dimethylaminopyridine (3.0 mg, 0.0180 mmol) in CH 2 Cl 2 (0.6 mL) was added trifluoroacetic anhydride (17 L, 0.120 mmol) at -40 °C. Afer the reaction mixture was stirred at this temperature for 1 h, it was 20 quenched by the addition of water and the product was thoroughly extracted with EtOAc. The combined organic layers were dried over MgSO 4 and concentrated under reduced pressure. The crude trifluoroacetate 23 was used for the next step without further purification. 25 To a mixture of the crude trifluoroacetate 23 and CuCN (14. 
